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Introduction
Ultrafiltration (UF) of m11k 1s rapidly becoming one of the most important processes in the
dairy indus try, particularly because 1t reduces
the volume of the milk by removing a substantial
amount of water from it. A part of lactose and
mineral salts present in the milk is also removed.
Thus, the retentat e has a higher protein content
than the original milk whereas the lactose and
mineral contents remain at about the same levels
as in the m11k.
The use of milk. r etentates in cheese manufacture has, therefore. numerous advantages which
are of both technological and economical nature.
The most important advantages are higher yields
(5-15~), continuity of process1ng following the
introduction of automation, decrease of up to 50%
1n the requirement for starter and rennet, increased nutritive value because whey proteins are
retained in the product, a lower biolog i cal oxygen
demand for the breakdown of the waste materials,
and a closed sanitary system. However, complications may arise from d ifferences in the chemical
composition and physical properties of the retentates and the milk, e.g . , the changed rat1os of
the individual components resulting in an increased buffer ing capacity of the retentate, a
higher calcium concentration in it, and a higher
viscosity of the retentate. The effects of proteolytic enzymes other than calf rennet (which is in
short supply on the global scale) on UF retentates
may also differ from the effects of this enzyme on
milk. Only proteases isolated from a few species
of fungi, such as llucor mlehel , 11 . pusf/lus, and
Endotl'll~ parasltlca, and bacteria, such as B~c/1lus subt/1/s, B . cereus, and s . polymlx~ meet the
criteria for good quality cheese product io n.
The objective of the study was to examine the
effects of coomercial proteol ytic enzyme s of various origins on the coagulation of UF retentates
having varying protein concentrations, to test the
result ing coagula for firmness, and to correlate
firmness and the microstructure of the protein
matrices as seen under the electron microscope.

Milk retentates (35~ total solids, 13~ protein) obtained by ultrafiltration were diluted
with the permeate to 3 . 2, 5.0, 6.5, 10.0, and
13.0% protein and coagulated using conrnerc1al
proteases. Rennet or one of microbial proteases

isolated from Bacillus potymlxa , Endothla parasfttca, Mucor mtehel, or Mucor pusfllus were used .
Coagulation t1mes were decreased with the Mucor
proteases as the protein concentrations in the
retentates were 1ncreased but the coagulation
times were increased with B. potymlxa and f . parasltlca proteases under simllar conditions .
Firm ~
ness was higher 1n gels made from homogenized
retentates than from nonhomogenized reten tates of
the same protein concentrations. Scanning as well
as transmission electron microscopy showed in creasing densities o f the protein matrices in the
gels as the protein concentrations were increased .
Large fat globules and their clusters were noticeable i n gels made from nonhomogenized retentates.
Gelation of homogenized retentates resulted in
uniform matrices w1th the dimensions of the d1sinte.grated fat particles similar to those of
casein micelles . These minute fat particles were
closely associated w1th the protein matrix. Firm
gels made by coagulating the retentates with
rennet consisted of extensively branching casein
particle chains wh ereas softer gels made with a.
pofymlxa protease consisted of small casein
particle clusters.
Initial pap e r r ece ived February 6, 1989
Manusc ript received April 25, 1989
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Effect of ultrafiltration on chemical composition of milk retentates*

Table 1.

:
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Nonhomogenized
Homogenized
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Total solids (%}
Total protein(%)
Fat (%}
Lactose (%)
Casein (%)
Whey proteins (%)
Total nitrogen(%)
Nonprotein nitrogen (%)
Ash(%)
1
:
Calcium (mM/L)
:
Phosphorus (mM / L)
1
Acidity ( 0 SH)
:
Acidity (pH)
~-- --··- ---- - - - - - ----------

: *
:
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The following parameters were determined in
the retentates and retentate gels :
Dry matter was determined by drying at
102 ± 2'C according to the AOAC methods [4]. Milk
fat content was determined by the method of Gerber
[4]. Total and nonprotein nitrogen was measured
according to the AOAC methods [4]. Lactose was
determined according to the method recorrrnended by
the International Dairy Federation [22]. Ash was
determined by mineralization at 550°C [4]. Calcium
was determined using a complexometry technique
[26] while phosphorus was determined by spectrophotometry [4].
Preparation of retentate gels
Protease solutions (a) to (e), 100 mL each,
were prepared by dissolving the following: (a)
Rennet (Astra, Nova Pazova, Yugoslavia), 1.00 g,
(b) Mucor mlehei protease (Novo Industry, Copenhagen, Denmark), 0.25 g, (c) Mucor pusllfus protease (Me ito Sanyo Co., Tokyo, Japan), 0.!5 g, (d)
Endothla paras/t/ca protease (Pfizer Chemie, Wiesbaden, Federal Republic of Germany), !.00 ml,

700 160015001400 1-

8

i

0.58
0.03
0.41
0.24
0.13
0.08
0.20
0 . 002
0.02
3 . 60
.25
1.32
0.10
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Materials and Methods

!-<

35.13 ±
13.07 ±
16.57 ±
4 . 00 ±
11.73 ±
1.23 ±
2.05 ±
0.017±
1.42 ±
96.19 ±
84.15 ±
16.75 ±
6.65 ±

------- - ------------ ------------ --·------------- --- ------ -:

Preparation of milk retentates and their analysis
High-temperature short-time (HTST) pasteurized corrrnercial milk was standardized to 3.9% milk
fat. The milk was concentrated at 55'C by UF to
the final concentration of 36% total sol ids using
an industrial 1 ine Pasi lac DDS Model 35 equipment
(Nakskov, Denmark) furnished with GR 61PP membranes. Pressures at the milk inlet and the retentate outlet were 3.0 bar (300 kPa) and 1.5 bar
(15D kPa), respectively. Each retentate was divided into two aliquots, one of which was repasteurized at 81 °C for 10 s and homogenized at 70 bar
(7 MPa). The nonhomogenized and homogenized retentates were diluted with the permeate to obtain
solutions containing 5.0, 6.5, 10.0, and 13.0%
protein. Their mean fat contents were 6.0, 7.9,
12.3, and 16.2%, respectively. The original milk
which contained 3.2% protein (3.9% fat) was used
for control. A total of 15 retentates were prepared.

"--l

0.85
0.13
0.59
0.60
0.15
0.19
0.21
0.0021
0.07
5.02
4.68
1.04
0.14

A total of 15 milk batches and 15 reten tate batches were analyzed. Relatively large standard deviations are

the result of

-;;:;

34.77 ±
13.14 ±
16.44 ±
3.65 ±
11.75 ±
1.28 ±
2.06 ±
0.017±
1.46 ±
93.80 ±
84.46 ±
16.79 ±
6.65 ±

0.21
0.13
0.10
0.18
0.12
0.04
0.02
0.0041
0.03
0.66
1.58
0.03
0 . 02
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PROTEIN CONCENTRATION Clo)
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PROTEIN CONCENTRATION (%)

.E.!lL.b_ Effect of protein concentrations in UF nonhomo-

~ Effect of protein concentrations in UF nonhomogenized retentates on their coagulation times using
rennet (10, 20, 30, 40, and 50 mg /50 mL) as the
coagulant.

genized retentates on their coagulation times using
8, 12, 16, and

Bact llus polymlxa protease {4,
20 ~/50 mL) as the coagulant.
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----------,

,-' Table 2.

,__ -------''

Protease
used

Effect of p r otein concentration
''
in homogenized (H) and nonhomogenized (NH)
UF retentates on gel firmness
_____________________________________
J

'

Test
time

in ge ls

0"

3 . 2%

( min)

Rennet

6.5%
H

'''

Depth o f penetration (mm)"
having protein concentrat ions of
NH

10.0%
H

H

13.0%
NH

H

- ---------· -------------------------------------:
--------------------- ----·---0, gga
6911
0. 72{/
30
45

1.19°
1 . 03b

0
0. aob

0. 73'
0. 59b

30
45

1. 46 '

0. 79 '
0 .62 b

0.12°

4. 44 r

0. 96d

a. aob

2. 25b

30
45

1. 51 c
0. 96d

0. 72°
o.aob

0. 70°

3. 75d

0.6 4 b

30
45

1. 34e
I. 1 4 °

0. 74°

0. 71°

0. 64b

0.61b

30
45

1.

0.82 (
0 . 69°

o . 68°

4. 07°

2. 21°

protease

0 . 18°
0.16°

2. 82°
1. 78b

1. 68b

a. gob

54'
.32d

2. 46 '
1. 62b

a. agb

0. 76°

o.so c

o. sgb

0. 55b
0.18°

3 . 29('

3. 79 '
2.82°

1.41 e

1.07°
0. 94b

1 . 18('
0. 52b

0. 55b
0. 23°

4. 71 c
2. 27b

2 . 36d
2 .12b

2.04°
1.85d

0.99°
0.96°

1. 01 d

o.eo'

0.69°

0. 72d

5.90{
4 . 65'

5 . 06'
4 .93f'

2 .45 '
2 .12 a

1. 77d
1. 47 f'

1.88f'
1 . 15('

0.89'
0. 84('

2. 11 b

M. mi e lll'i

0. 66(/

'

:'
''
'

M. pusfllus

protease

1 .83d

E. para s ltlca

protease
B pol.nrti.ra

protease

1. aaf

soc

0. 81 c

2
"Gels containing 3.2\ and 5.0\. protein "'"el'e measurf'd using rt probe "' ith a force of 0.71 g/cm and gt>ls having
2
higher ~)rote in concentr'<Hions were mf'asur·ed usJng a probt> al 3.:il g "cm .
Firnmess vAIUI"S whl rh flr(' marked in each colU I!Ul wi th identicnl superscript (a to f) do not signHicontl~·
(P . < 0.05] diFfer• fr·om each other .

(e) Bacillus polymlxa protease (Gada Shusei Co.,
Tokyo, Japan), 0.45 g.
Coagulating activities of the individual
enzymatic preparations were not determined but the
enzyme concentrations were adjusted in such a way
that similar coagulation times were obtained. The
need to use working enzyme solutions which varied
in concentration indicates that specific activities of the enzyme preparations differed from each
other. Standardization of the coagulation t ime was
introduced in order to compare other characteristic properties of the retentates [14].
Retentate aliquots (50 mL) were coagulated in
glass beakers using the diluted protease solut1ons
(1 ml). The temperatures of coagulation were 29.0,
32 .0, and 35 .0 'C for gels made at pH 6.65; the
temperature of 32°C was also used for gels made at
pH 6.3 and 6.5. The retentates were adjusted with
2M NaOH or 2 M HCl to obtain the predetermined pH
values.
Determination of coagulation time
The onset of the primary and secondary coagulati on phases, induced by fungal proteases [3],
were established using the method by Follman [11]
developed for rennet. Coagulation curves were
obtained by plotting reciprocal values of the
enzyme concentrations (1/c) against coagulation
time (t). The slope of the resulting line indicated the duration of the primary phase , and the
intercept for t • 0, indicated the duration of the
secondary phase.
Firmne s s measurement
Firmness was measured in gels made from homogenized as well as nonhomogenized retentates containing 5.0, 6.5, 10.0, and 13.0% protein. The
measurements were carried out using a HOppler
consistometer (VEB PrUfgerate-Werk, Medingen,
Dresden,
German
Democratic
Republic).
Gels

containing 3.2 and 5.0% protein were teste d with a
spherical weight of 40.2 g (diameter of 65 nrn,
0.71 g/cm2) and gels contain1ng 6.5. 10.0, aM
13.0% were tested with a weight of 99.0 g (diameter of 60 nrn, 3.51 g/cm2). Firmness was expressed
in the depth (nrn) to which the weights penetrated
the gels 30 or 45 min after gelation.
Electron m1 croscopy
The gels were sampled for elect ro n microscopy
according to a formula : Sampling Time a 3 x Coagulation Time . Gel particles, approximatel y 10 nm 1n
dtameter, were fixed in a 2.8~ glutaraldehyde
solution at 20°C for 24 hand mailed to Ottawa for
electron microscopy [1].
For scanning electron microscopy (SEM), the
particles were trirrmed to form prisms, approximately 10 mm long, 1 mm2 in cross section. In
order to visualize fat globules, selected samples
were postfhed in an imidazole- buffered 2% osmium
tetroxide solutio n [2]. All samples were then
dehydrated in a graded ethanol series . Fat was
removed by extraction with chloroform from samples
which had not been postfixed w1th osmium tetroxide. All samples were impregnated with absolute
ethanol, frozen in Freon 12 at -150'C, and freezefractured under 1 iquid nitrogen. The fragments
were thawed in ethanol, critical-point dried from
carbon dioxide, mounted on SEM stubs, sputtercoated with gold, and examined at 20 kV in an lSI
05-130 scanning electron micros cope equipped with
an external oscilloscope [5]. Micrographs wert
taken on 35 nrn film.
For TEM, the samples fixed in glutaraldehyde
were cut in to particles approximately 1 mm in
diameter and postfixed in a 2% osmium te troxide
solution in a 0.05 M veronal-acetate buffer, pH
6.75 . The postfixed samples were embedded in a
Spurr's low-viscosity medium (J. B. EM Service,
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lligs . 3 and 4 . Gel .ade fro11 nonho-ageni7.ed •i lk (Pig.
3: 3 . ~ protei n . 3.9% fat) and fro. d iluted nonha.ogenl7,f'd UF rrtcntttte (Fjg. 4: 5% pro t e in . 6~ fot) usi nr.
rennet. Void spaces (V) were present in gels p1·epored
fo r SE M by t•xtracU ng the fa t (Figs. 3A a n d IIA ) . An
arrowhead po in ts to f at g l o bule membran e f ragaen ts (Flg .

4A) . Fat globu les we r e reta i ned (Figs . 38 a nd 48 ) by
postfbdng the gels with OSMium tetroxide [2]. Salle of
t he f at globu l es are fractured (arrows) . Fig . 48 s hows a
detaJ 1 o f a fa t g l obu le aggregate (Jarge arrow) s u r r ounded with a void space (V) except for a few po in ts of
con t act (small arrows ) with the prote in ma tr i x.

Pointe Cl aire , Dorval, Que bec, Ca nada). Thin sec tions were stained with uranyl acetate and lead
citrate solutions [29] and examined in a Philips
EM-300 ele ctron microscope operated at 60 kV [23].

to be at the same concentration in the aqueous
phase, which is a smal l er proportion of the t ota l
in the retentates. The relatively high standard
deviations were the re sult of milk batches obtained from various suppliers . Calcium and phosphorus, which in the form of calcium phosphate are
part of the casel n micelle s , were retained in the
retentates and the i r concentrat i ons were increased
from 27 . 9 and 30.5 mM/L, re spec t ive ly, in the milk
to 93 . 8 and 84.4 mM/L, res pectively, i n the retentates.
Coagulation ti me
In order to study the ef fect of prote i n concentration on the gelat ion of t he retentate, the
final retentates were diluted with the permeate in
varying proportions. As the prote1n concentrations
in the ret ent ate solutions were increased , the
times needed to coagulate them with rennet, and
the 11 . mf ehe f and 11 . pusflfus protea ses decreased

Re sults and Discussion
Chem1 ca 1 compos 1t ion
Ultrafiltrati on of mi l k re sul ted i n con si derable cha nge s i n its chemi cal composit i on. Indi vi dua l ana lyses of the 15 retentates prepared were
reported el sewhere [14] . Mean va l ues have been
summarized in Table 1. The total sol i ds con t ent of
12.1 ~ i n the i ni t i al milk was increased by ultraf il trat io n to 35 ~ . In a si milar way, prote i n was
i ncreased from 3 .2~ to 13 . 1% and fat was i ncrea sed
from 3.9% to 16.51( . Lactose and nonprotein nitrogen contents were slightly lower in the retentates. This is to be expected as they are likely
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but 1ncreased when the E . Dares/ t lea and the B .
proteases were used. Results on this
subject have been published tn detail elsewhere
[14]. Mucor proteases and proteases obtained from
E . DtJrtJsltlca and B . DOiymlxtJ have shown, 1n general, a h1gher proteolyt1c act1v1ty than rennet.
E. ptJrasltlca protease, e.g., hydrolyzed 29" of
the peptlde bonds in case1n compared to only 10 . 2%
of the pept1de bonds hydrolyzed by renn1n [32].
Because the E. parasftfca protease hydrolyzes whey
proteins in addition to the caseins (K -case1 n as
well as a 5- and ~-casein), th1s act1on has to be
taken into consideration when selecting a protease
for the manufacture of a particular cheese variety
[15].
Characteristic examples obtained w1th nonhomogenized retentates are shown in Figs. 1 and 2
using rennet and B. DOiym lxa protease, respect1vely, to coagulate the m11k prote1ns. Coagulation t1mes with homogenized retentates were shorter than the coagulation times with nonhomogenized
retenta tes.
The reduction in the coagulation times, as
the protein concentrations of the retentates coagulated with rennet were increased, may be attributed to a number of factors such as an increased
number of effective collisions between the enzyme
and the casein molecules [21], a lower number of
1nd1spensable hydrolyzed case1n m1celles to start
coagulat1on [13], and a high concentrat1on of
calc ium although most of it wa s in co ll oida l form.
The properties of the M . mlehel and u. puslllus proteases were anticipated to be simi lar
because both enzymes belong to so-called aspartic
proteases (12]. In contrast, the e. DOiymlxa protease belongs to metalloproteases, I .e., a group
of enzymes considerably different from the previous group as far as their structure and mechanism
of splitting protein molecules are concerned.
These differences may be responsible for the rate
of the proteolysis of K-casein and the final value
of coag ulation t ime.
The behaviour of the E . partJsltlca protease
tn the retentates having higher prote in conce ntrations differed from the anticipated behaviour .
This enzyme possesses an aspartate group in the
active centre and, thus, should follow the proteolyt1c pattern of the other proteases of fungal
origin . However, the absence of the carbohydrate
moiety in the molecule of this enzyme, which is in
contrast to the Mucor proteases [10], a d1fferent
structure of this enzyme and a different pH of
opt1mal act1vity [28] cons1derably affected
the
behaviour of this enzyme in the presence of highprotein substrates.
However, M. L. Green (personal conmunication}
has suggested that the differen ces in the behav1our of the proteases relate to the d1fferences 1n
spec1f1c1ty rather than to differences 1n structure. The Michael is-Men ten equat1on pred1cts that
the subs1d1ary substrates w111 compete better w1th
the main substrate as the total substrate concentration i ncreases. This will have a considerably
greater effect on the relatively nonspecific enzymes. Data in Table 2 also suggest that nonspecif1c proteolysis is favoured in the more concentrated milk retentates.
Dolymlxa

Pi g s. 5 - 7. Ge Is obtained by coagulating a diluted
nonho1a0genized UP retentate (Fig. 5: 6.5'- protein , 7 .9'fat; Pig . 6 : 10'- prolr.in, 12.3'- fat; Fig. 7: 13~ prolein. 16 . 2~ tet) . Void spaces (V) indicating the pres ence of fat in the origina l gels before extraction for
SEM may conlal n fat globule •eabrane residues (arrow heads) .
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~ TEM of geJ s Made from nonhomogenized milk (Pig.
81\: 3.~ protein) and fro• a nonh0111ogenized diluted UF
rcttmlate (Ftg. 88: 6.5~ protein: Fig. 8C : 13% protein)
u sing rennet. Pat globules (F) are relatively evenly
distribute d in the protein •atrix (C) co•posed of casein
•l ce lle chains ln the low- protein gels (Pigs. BA and 88)
but ap)lt'f1r to be tn the form of clusters in the 13\:

protein eel (Pig. 8C) . There are void spaces (V) arotmd
•ost fat globules with only a few points of conta c t
(arrows) between the fat globules and the protein Matrix.
~DelHi h:j of the protein matri ces in gels 118de by
rennet fr0111 a nonhomogenized UF retentate at varying

protein concl! ntrat.ions (Figs. 9A: 5%: Fig . 98 : 6 .5%;
Fig . 9C: 10%, and Fig. 90: 13%). Branching of the casein

mi ce I Jc c hain~ (arrows) is increased wHh the .tncrmtscd
p1·ote in concentration and may give the imp re~slon of
casei n mJccJ Jc cl uster formation.
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Gel firmness
Gel firmness was another property of the gels
where correlations with the protein concentration
and the type of enzyme used have been clearly
established. These characteristics have been presented and discussed in detail elsewhere [14] in
an attempt to analyze the relationships between
the nature of the proteolytic enzymes of various
origins used and the rheological properties of the
retentate gels formed.
It is evident from Table 2 that gel firmness
was affected by the time when it was measured. The
firmness wa s found to be higher, i.e., the depth
of the penetrating probe was decreased , when the
gels were measured 45 min after gelation as compared to measurements carried out 30 min after
gelation. This difference may be explained by
proteolysis extended for another 15 min leading to
a more advanced aggregation of casein micelles and
formation of a higher number of 1 inkages between
them. In comparison to milk, interactions of casein micelles were facilitated in high-orotein
retentates. According to Storry and Ford [31], gel
formation in milk starts about 2. 5 min after coagulation time but Mocquot [25] reported that In
retentates, gelation started considerably sooner.
Although the observed start of gel formation depends on the measurement method [16], accelerated
gelation in the retentates may be explained by
shorter distances between the micelles . Wh ereas in
milk the mean distance between 2 casein micelles
is approximately 3 micelle diameters, In milk
retentates the casein micelles are, on an average,
only about I micelle diameter apart [18]. The
higher curd firmness in the retentates than in the
milk is related to the increased solids content in
the retentates rather than to the rate of casein
aggregation [17].
In the experiments surrmarized in Table 2, the
firmest gels were obtained using rennet and the
softest gels were produced by the 8. po/ymlxa protease. The dHferences were relatively smaller 1n
gels made from nonhomogeni zed retenta tes containing 3.2% protein (1.19 mm penetration depth for
rennet vs. 1.68 rrm for B. polymlxa protease) than
in gels containing 1n protein (0 . 72 mm vs .
1.88 mm, respectively).
Effects of protein concentrations and homogenization on firmness of the resulting gels are
c l osely related to their structures and will be
discussed bel ow.
Gel structure
In general, there are two different microstructures of the milk retentate gels under study
depending on whether the retentates had been or
had not been homogenized prior to coagulation. In
ge 1s made from nonhomogeni zed retentates, 1arge
fat globules and their aggregates were embedded in
a protein matrix which was formed by casein micelle chains and clusters . The heterogeneity of
these gels is noticeable even at a low magnification. In contrast, gels made from homogenized
retentates consisted of protein matrices in which
minute fat globules were evenly distributed. In
both kinds of gel, the densities of the protein
matrices varied depending on the protein content
of the gels. This is shown by both scanning electron microscopy (SEM) and transmission electron

f.!.L!.!!:.. Gels .ade by rennet fro. horogenlzed M11k and
UF retentates froJt which fat had been re.oved prior to
the SE M exa11ination. Fig. lOA: 3.2% protein ; Fig . lOB:
5~ protein; Fig.
IOC: 1~ protein. Void spaces (V) are
considerably smaller than in the gels made fr0111 nonhOIIIogenlzed nli lk and UF retentates.
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llLlL.

Oet<tl l s of the str uc tu res o f gels •ade fro 111
ht*ogenized •1 l k and UF retentates usi ng reiUlel. Fig .
IJA : 3.2% prot ei n: fa t had been re110vcd but lhe protei n
e nvelopes o f the f ~• t pa rtic l e s are noticeab l e (a r1·ows) .
Fig::~ . IJB ( 3 . 2~ prot e in ). 11C {5% protei n) , and llU (1~

pro t ei n) show th e ho 111oge n lzed f a t pa r t1c1cs (ar rows )
Integra t ed in th e protein •all· i ces. th e de nsi ti es o f
wh ich are increase d wi th lncr ensed prote in concentrations .

microscopy (TEM) using gels made from nonhomogen-

7, respectively), the presence of fat globules and
their c lusters was clearly evide nt from the void
spaces in the protein matr1ces. Most such void
spaces contained residues of the fat globule membranes .

ized retentates. In the SEM micrographs, void
spaces 1n the protein matrices were noticeab le

(Figs. 3 - 7). The largest void spaces were present in gels made from the initial milk (3.2% protein) but 1t was difficult to assess as to whether
al 1 the void spaces had initially been occupied
w1th fat (Fig. 3A) prior to the extraction of the
fat during the preparation of the samples for SEM.
Fixation of the fat globules with imidazole- buffered osmi um tetroxide [2] revealed (Fig. 38) that
fat had occup i ed only some of the vo i d spaces
wherea s othe r s had been filled with whey. The fat
globules and their aggregates were not associated
w1th protein . They were surrounded w1th void
spaces and only a few points of contact w1th the
protein matrix could be seen (Fig. 48). As the
protein content of the gels was increased, the
protein matrices became denser (Figs. 4 - 7). In
gels containing 10.0 or 13.0% protein (Figs. 6 and

These findings were confirmed by TEM. Large
fat globules were present in all gels made from

nonhomogenized retentates (F i g. B). Only a small
proportion of the fat globules was associated w1th
prate 1n and void spaces surrounded 1nd 1v 1dua 1 fat
globules in the low-prote i n gels (Figs. BA and
BB). Thus, no impr i nts by the fat globules have
been left in the protein matrix following their
removal in contrast to the high-protein gels,
where the casein particle s were tightly packed
w1th no free space left around the fat globules
(Fig . BC). Individual fat globules having diameters of up to 5 1J111 prevailed in low-protein gels
but were mostly clustered in high-protein gels.
A great proportion of the protein was in the
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form of casein micelle chains noticeable even at a
low magnification i n low-protein gels (Figs. BA
and 88). The chains became les s evident as the
density of the protein matrix was increased (Fig.
BC) . At a higher magnification, structural details
of the protein matrices were revealed more clearly
(Fig. 9). As most of the fat was concentrated in
the form of large fat globules, the matrices were
composed almost exclus ively of casein particles.
Their chains were longest (up to 2 ~m) in the lowprotein gels (Figs. 9A and 98) but chains of a
simi lar length were found even in the high -p rotein
gels (Figs . 9C and 90) where shorter chains were
attached at their sides.
Homogenization of the retentates considerably
reduced the dimensions of the fat globules. Coagulation of homogenized retentates resulted in gels
having more uniform structures (Fig. 10) than the
gels made from nonhomogenized retentates. Although
the differences were small in the gels made from
the initial milk (3 . 2% prote in) as follows from a
comparison of Figs. 3A and lOA, they were quite
noticeable as the protein concentrations were
increased, as may be seen by comparing Figs. 4A
and 108 (5% protein) and Figs. 7 and 10C (13%
protein). Because of the increased homogeneity of
the gels made from homogenized milk and UF retentates, higher magnifications than those used w1th
gels made from nonhomogenized retentates had to be
used to show the characteristic features. The
disintegrated fat particles were relatively evenly
distributed throughout the protei n matrices (Figs.
11 and 12). SEM of a gel made from homogenized
milk (3.2% protein) from which fat had been extracted (Fig. llA) shows that protein had been
attached to the fat particles. This finding was
confirmed by retaining the fat particles in the
gels (Figs. 118-l!D) and also by TEM. The latter
technique showed the association between the small
fat globules and protein particularly well (Figs.
12 and 13). The prote in attached to the fat globules is part of the matrix, thus linking the
neighbouring fat globules and making them part of
the entire gel structure.
The micrographs shown above are in agreement
with the findings that homogenization results in
the disintegration of the original fat globules
into smaller droplets, and that the combined surface of the fat particles, which is increased 5 to
6 fold [7], becomes rapidly covered with milk
proteins [20]. This coating facilitates the integration of the minute fat particles with the protein matrix and contribut es to a higher firmness
1n the gels made from homogenized retentates
(Table 2). The participation of homogenized fat
particles in the formation of the gel structure is
particularly clearly noticeable in TEM micrographs
(Figs. 12 and 13). The micrographs in Fig. 12 are
of the same magnification as Fig . 9 to make a
comparison of the structures possible. The close
association of the homogenized fat particles with
the protein component of the gels is particularly
well evident at a higher magnification in Fig . 13,
where a gel obtained using the M. mlene/ protease
1s shown. In contrast, the large fat globules and
their clusters in gels made from nonhomogenized
retentates are not in close contact w1th the protein (as was shown in Figs. 38, 48, BA, and 88)
and probably act as weak areas in the gel matrices
making the gels softer. Apparently, these findings

~ n:M of u geJ l!l<lde fro111 homogenized milk (3.a
protein . Fie: . l2A) and a gel made fro. a h0110genizcd UP
retentatc (13~ protein. Fig. 128). Both gels were lli'lde
by rennet. Ho.:~genized rat particles (F) are coated with
protein parll cles (1trrows) and are integrated in the
protein aatrices.
~Detail of protein (arrowheads) adhering to
hmogenl7.ed rat particles (F) in a gel ..a.de fro. a UF
retentatu (13'. protein) using M. •iehei protease . casein
micell e chains (large arrows) connect the fat parti c les
wi lh e11ch other. Minute black particles (sreJ J arrows)
are an artefact [27].
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~ Detai Is o r the pro tein ~~a trices (fat re.oved)
of ge l s 111ad e fr0111 a h011ogen i zed UF re tentate (1 3% pro tt: in ) u si ng re nn e t {F ig. l<IA ). M. pu s i l l us pro t ease

sit i co pro tease (F ig. 140 ).

may be related to studies in which glass particles
and o11 droplets were incorporated in protein gels
[6, 24]. SEM showed that particles with a hydrophilic s urface became an integral part of the gel
whereas hydrophobized particles i nc orporated in a
similar gel failed to develop any strong links
w1th the protein matrix and easily separated from
it when the gel was fractured. The presence of
particles with hydrophilic surfaces in the gels
provided a greater strength in compression than
did particles with hydrophobic surfaces [24].
Based on the micrographs presented, the d1 f ferences 1n gel firmness related to protein concentrations or to homogenization of the retentates
may be understood from the microstructures of the
gel matrices as viewed at low-magnification SEM
and/or TEM. In some respects. similar results were
obtained with yoghurts made at different concentrations of total sol ids [19]. The differences in
gel f1 rmness caused by the nature of the proteases
used, however, are more difficult to correlate to
the microstructure as they may be more subtle. At

low-magnification SEM, the gels made from nonhomogenized retentates (13.0% protein) using rennet
and proteases of microbial origin appeared to have
similar microstructures and, likewise, the microstructures of the gels made from homogenized retentates at the same protein level also resembled
each other (Figs. 14A - 140). In order to faci 1 itate the comparison of the protein matrices, fat
had been extracted from the samples shown. Extraction of fat particles about I 1J111 in diameter resulted in the development of noticeable void
spaces, but the extraction of smaller fat particles made the gel structures appear to be more
porous than the gel (13"' protein, coagulation by
rennet) with the fat reta i ned which is shown in
Fig. liD at the same magnification. However, differences in the microstructures are apparent when
high-magnification TEM micrograph s of a f i rm gel
produced by coagulating a nonhomogen1zed retentate
(13% protein) with rennet are compared with micrographs of a soft gel produced by coagulating the
same retentate using the s . polymlxtJ protease

(PJg . 148) . If. a ie hei pro t ease (Pig. 14C), and f . para-
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Y. Kakuda: Were the coag ulation times w1th homogen i zed retentates shorter than with nonhomogen 1zed retentates at all levels of solids and with
all proteases? Can you suggest reasons why homogenization decreases the coagulation t1me? Was
this a comnon effect seen w1th all proteases and
for all protein concentrations tested?
Authors: A separate study has been prepared which
answers these questions : 1n all cases, the coagulation times were shorter with homogenized retentates than with nonh omogenize d retentates. The
diffe ren ces in the coagulat ion times were, however, sma ller at high protein concentrations than
at low protein concentrations.
The reasons for this phenomenon were studied
by Robson and Dalgleish [30]. They observed reduced concentration of casein micelles 1n the milk
serum due to their adsorption on the homogenized
fat globules .

s. pofymtxa protease . The ratios of chains to
clusters varied in the other gels which were made
using the other microbial proteases (Figs. 16 20) and the ratios were to some degree re 1a ted to
the gel firmness. In addition, firm gels had the
casein part ic le aggregates more robust (Figs. 15A,
16, and 17) than the soft gels (Figs. 158 and 1820).
Y. Kakuda: Is it possible that increased proteolysis and nonspecific proteolysis may be inte r f e r ing with the coagulation process at hi g h
protein concen tration s (in the case with bacterial
proteases) resulting in increased coagulation
times?
Authors: Yes, it is possible.
R. Cartwright: How would you expect homogenization
of the fat to affect fat loss in the whey?
Authors: This aspect was not investigated in this
study but according to Davis [8], homogenization
leads to less fat loss in the whey.

R. Cartwright: You explained differences in casein
micelle chain structure between rennet and B.
polymlxa. W
hat differences did you notice between
rennet and the other enzymes used?
Authors: The differences between the effects of
rennet and the s . polymtxa protease were most
clearly noticeable: the protein matrices of gels
made usi ng rennet consisted mostly of branching
casein micelle chains whereas casein micelle
clusters were predominant in gels made using the

D. P. Dylewski: My quest ion concerns the degree of
whey protein denaturation and 1ts possible role in
textural properties and gel strength . Was an attempt ever made. through the use of electrophoresis, to determine the degree of denaturation?
Authors: Polyacrylamide gel electrophoresis showed
very low concentrations of serum proteins 1n the

Figs. 16 ~ 20. Dela.ils of protein
matrices in ge I s aade fro• a nonho•ogenized retentale (13~ pro tein) using rennet (Flg . 16), If .
raiehld protease (fo'ig. 17), M.
pusi I Ius protease (Fig . 18), £ .
para sitica protease (Fig. 19). and
B. polyMixa protease (Fig. 20).
The occurrence of casein aicelle
chains (arrows) is decreasing and
the occurrence of casein aicelle
clusters is increasing frca Pig.
16 to Pig . 20.
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in the nonfat matter. Curd granule junctions and
milled curd junctions in the cheese made from
homogenized milk were less apparent than in the
other cheese because the protein-dense areas const1tuting the junctions (which 1n regular cheese
result from the loss of fat globules during the
cutting of curd} were cons i derably thinner. Microstructure of cheese made from nonhomogen1zed whole
m1lk (3.6~ fat) and from low-fat (1.4%) m1lk which
had not been homogenized or had been homogenized
at 5,200 and 1,700 kPa or !3,800 and 3,400 kPa was
shown by SEM and TEM.

aqueous phase of the retentate gels but the
results were not evaluated quantitatively.
R. Cartwright: What role would you expect the
1iberated fat globule membrane material to play in
the gel formation process with regard to water
retention and gel strength?
Authors: Since the total surface area of the fat
globules is considerably (5 to 6-fold) increased
as the result of homogenization, a part of the
membrane fragments may be adsorbed on the newly
formed surface. A potential exists for the fat
globule membrane fragments to participate in emulsion stab1l ity through interactions with the phospho! ipid component of the membrane fragments.

D.P . Dylewski: If and when do you think microbial
proteases will replace traditional rennet on a
significant and collJilercial basis?
Authors: Microbia 1 proteases with specificity
resembling that of rennet are already being used
on a corrvnercial scale. However , they are used
mostly in soft and semi-hard cheeses which ha ve
relatiVely shorter ripen i ng t imes. A more intensive proteolysis, which takes place in ha rd
cheeses, may produce bitter-tast ing peptides and
off-flavours. An objective for genetic engineeri ng
has arisen: to tailor microbial proteases for use
in cheese manufacture.

R. Cartwright: What effect does homogenization
have on the flavour and structure of the finished
cheese?
Authors: Cheese made from homogen i zed m1lk has a
smoother texture and an enhanced flavour compared
to cheese made from nonhomogenized m1lk. Cheddar
cheese made from homogen; zed 1ow- fat m11 k was
found by Emmons et a 1. [9] to be firmer than
Cheddar cheese made from whole nonhomogen1zed milk
although both cheeses had the same moisture levels
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